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The ability of the four microorganisms: two Rhodococcus sp. (F92 and P12), a 
Candida sp. (F43) and an Arthrobacter sp. (AR), to immobilize onto polyurethane 
foam (PUF) and to degrade n-alkanes in four different petroleum products; Arabian 
Light Crude (ALC), Al-Shaheen Crude (ASC), diesel and oil slops, were assessed. 
Among the four microorganisms, F92 immobilized best on a 1 cm × 1 cm × 1 cm PUF 
of the density 14 kg/m3 (D14). There were 1×1011 CFU/g PUF of immobilized F92 
cells and immobilization efficiency was about 80%. In addition, the 1 cm × 1 cm × 1 
cm D14 PUF adsorbed the highest quantity of Arabian Light Crude (ALC) 
(approximately 16 g ALC/g PUF). 
 
The degradation ability of F92 were not affected by immobilization onto PUF. 
Immobilized F92 degraded n-alkanes in ALC, Al-Shaheen Crude (ASC), diesel and oil 
slops as efficiently as free F92. Immobilized F92 degraded between 80% and 90% of 
the C17, C18 and total n-alkanes in ALC; approximately 90% and 70% of these three 
hydrocarbons in ASC and oil slops respectively; and approximately 80% of the C17 
and C18 n-alkanes in diesel. Immobilized F92 also could be stored for 16 weeks 
without losing its viability and degradation ability, making it suitable to be used in the 
bioremediation of an unforeseen oil spill. The results suggest that F92 could degrade 
ex situ a mixture of different petroleum products since oil slops is a mixture of all 
minor spillages in a refinery. This study also reports for the first time the ability of an 




















During bioremediation in marine environment, nutrients and hydrocarbon 
degraders are often added to increase the rate of degradation. However, dilution of the 
introduced nutrients and microbes constitutes a major problem in open-water systems 
(Swannell et al., 1996). This has led to the development of oleophilic formulations that 
localize nutrients or microbes at the water-oil interface where active hydrocarbon 
degradation takes place. In polluted soil, petroleum degradation rate was higher when 
the polluted soil was associated with plant root surfaces and epilithic biomass (Radwan 
et al., 1999). Immobilization of cells onto surfaces could offer a higher surface area to 
facilitate growth of biomass and degradation rate (Davis and Westlake, 1978). 
 
Oil adsorbents can adsorb and concentrate floating petroleum and prevent its 
migration to shorelines and beaches. If oil adsorbents were immobilized with 
hydrocarbon degraders, bioremediation may carried out in situ or ex situ. Of great 
interest to bioremediation is the potential of immobilizing microorganisms onto 
polyurethane foams (PUF), alginate and other matrices to degrade hydrocarbons, toxic 
wastes and crude oil (O’Reilly and Crawford, 1989; Li et al., 1994; Resnick, 1998; 
Wang and Qian, 1999; Oh et al., 2000; Diaz et al., 2002). Immobilization of cells had 
been shown to encourage crude oil degradation (Wilson and Bradley, 1996; Obuekwe 
and Al-Zarban, 1998). Immobilized microorganisms could degrade these compounds 
at a higher initial concentration and for longer period. In addition, these cells were also 
protected from harmful effects of toxic wastes. In some of these studies, immobilized 




adsorbed oil may even be extracted and the adsorbents reused (Oh et al., 2000.). 
Immobilization of hydrocarbon degraders on oil adsorbents may therefore solve the 
problem of dilution of microbes and nutrients in open water.  
 
 Coastal environment is particularly vulnerable to oil spills since floating oil can 
pollute shorelines and beaches where human activity may be high. Preventing 
migration of floating oil, bioremediating or collecting adsorbed oil from the sea will 
significantly reduce this hazard and facilitate the clean up of an oil spill. Hence, the use 
of oil adsorbents immobilized with hydrocarbon degraders may assist in the protection 
of coastal environment. 
 
The objectives of this study were to: 
 
(a) characterize the properties of PUF; 
 
(b) identify hydrocarbon-degrading microorganisms that could be immobilized 
onto PUF and compare the performance of Arabian Light Crude degradation of 
free and immobilized microorganisms; 
 
(c) investigate factors affecting viability and ALC degradation capability of 
immobilized Rhodococcus sp. (F92); 
 
























2 LITERATURE REVIEW 
 
 
2.1 Properties of Petroleum 
 Petroleum (also called crude oil) is used to describe a myriad of hydrocarbon-
rich fluids that have accumulated in the subterranean reservoirs (Speight, 2002). 
Sources of crude oil are not distributed evenly around the world. The majority of oil 
fields are located in the Middle East. Incidence of oil spills is high since this important 
commodity has to be frequently transported around the globe. In addition, refuelling in 
ports, offshore oil exploration and drilling, terrestrial spills and run-off also contribute 
to petroleum contamination of the environment (National Academy of Sciences, 1985). 
Therefore, an understanding of the chemical and physical properties of petroleum is 
important in the development of biological, physical and chemical methods to deal 
with oil spills. 
 
2.1.1 Physical Properties 
Behaviour of oil on water and the efficiency of any cleanup operation in an oil 
spill are determined by the physical properties of the oil. These include (Doerffer, 
1992): 
 
a. specific gravity (a measure of its density); 
b. surface tension; 
c. viscosity; and 





2.1.2 Components of Petroleum 
 Petroleum can be separated into four major constituents (Karlsen and Larter, 
1991). They are the saturated hydrocarbons or alkanes, cycloalkanes, aromatic 
hydrocarbons, alkenes, resins and asphaltenes. The structures of alkanes, cycloalkanes, 
aromatic, alkenes and asphaltenes are shown in Fig. 2.1. 
 
2.1.2.1 Alkanes 
In alkanes, the carbon atoms are linked with a single bond. Alkanes constitute a 
major part of natural gas and petroleum (Testa and Winegardner, 2000). Alkanes can 
be classified into straight chain alkanes and cycloalkanes. The former can be branched 
or unbranched. Cycloalkanes consist of one or more rings of carbon atoms, sometimes 
with one alkyl substituent. 
 
Alkanes containing five carbon atoms or less per molecule are usually gases at 
room temperature, those with 5-15 carbon atoms are usually liquid. Solid alkanes 
contain more than 15 carbon atoms per molecule. Cycloalkanes are not soluble in 
water and have higher boiling point than alkanes (Eweis et al., 1998). 
 
2.1.2.2 Aromatic Hydrocarbons 
Hydrocarbons in this class contain rings of six carbon atoms. Benzene is the 
simplest aromatic hydrocarbon. More complex aromatics are derived from this basic 
structure. Aromatics have one or more aromatic rings with or without an alkyl 
substituent. Aromatics are the most toxic hydrocarbons (Eweis et al., 1998). This is 





                              e. 
 
 
Fig. 2.1 Structure of hydrocarbons found in petroleum. (a) alkanes, 
(b) cycloalkanes, (c) aromatics, (d) alkenes (Doerffer, 1992). (e) 






 Alkenes contained carbon atoms linked by double bonds. Alkenes are absent in 
crude oil and are produced from refining the latter into petroleum and other products 
(Harayama et al., 1999). Alkenes with two to four carbon atoms are gases at room 
temperature while those with five or more carbon atoms are liquid. 
 
2.1.2.4 Resins and Asphaltenes 
These compounds are more complex than alkanes and aromatics (Harayama et 
al., 1999). Resins are n-heptane-soluble polar compounds. They contain heterocyclic 
compounds, acids and sulfoxides. Asphaltenes are high-molecular-weight compounds 
insoluble in solvents like n-heptane. Besides carbon and hydrogen, they also contain 
nitrogen, sulfur, oxygen and heavy metals. 
 
 
2.2 Weathering Processes 
 When petroleum is released onto water, for example in an oil-spill, it 
spreads and increases its surface area. Its composition will change with time due to 
weathering (modifications by environmental conditions) (Prince, 1997; Harayama et 
al., 1999) (Fig. 2.2). 
 
2.2.1 Evaporation 
Evaporation is the most important weathering process in the first two days of 
an oil spill. Oil type and its physical properties, slick thickness and surface area, wind 











evaporation (Doerffer, 1992). Hydrocarbons containing up to 14 carbon atoms and 
aromatic hydrocarbons with a boiling point below 2500C will evaporate and be 
subjected to dissolution (Harayama et al., 1999). 
 
The heavy residues that are left behind will aggregate to form tar balls, the size 
of which can range from microscopic to several millimeters. Aromatic or polar 
components can react with anthraquinone present in seawater, resulting in the 
degradation of n-alkanes into terminal n-alkenes and low weight carbonyl compounds 
(Ehrhardt and Weber, 1991). 
 
2.2.2 Oxidation 
Petroleum components will undergo photochemical oxidation, causing 
polymerisation or photodegradation of the components (Harayama et al., 1999). For 
example, polar fractions will increase and aromatic fractions will decrease. Aliphatic 
hydrocarbons are photochemically inert but can be degraded by photosensitive 
oxidation. Some photo-oxidised compounds become more water-soluble after 
photochemical oxidation and are diluted in seawater (Doerffer, 1992). 
 
2.2.3 Emulsification 
Floating petroleum will eventually beach onto shoreline or disperse in water 
column. The latter is aided by wave action and takes place faster in severe weather. 
Dispersion of petroleum in water can also be due to emulsification by the polar 
components it contains. This forms a water-in-oil emulsion. Dispersion is the most 
important factor in the break-up and disappearance of a surface slick (Doerffer, 1992). 






 Water-soluble components have a toxic effect on marine organisms. Generally, 
aromatic hydrocarbons are more toxic than aliphatic ones. Low molecular weight 
hydrocarbons are also more toxic than the heavier ones. Surface film becomes less 
toxic as polycyclic aromatic hydrocarbons are lost by solar radiation but the water-
soluble fraction becomes more toxic as its concentration increases (Nicodem et al., 
1997). 
 
 In contrast to weathering processes that account for abiotic loss of petroleum 
hydrocarbons, hydrocarbons can also be degraded by microorganisms. This forms the 




Bioremediation is a process whereby microorganisms degrade or remove 
hazardous components of wastes from the environment (Bonaventura et al., 1996; Dua 
et al., 2002). Many microorganisms can adapt their metabolic machinery to utilise 
pollutants as food sources. In the process, these pollutants are degraded and the 
environment is ‘remediated’. 
 
Biodegradation refers specifically to the breakdown or mineralisation of 






2.3.1 Degradation of Petroleum Components by Microorganisms 
 Metabolic pathways of petroleum degradation by microorganisms have been 
elucidated (Leahy and Colwell, 1990). Microbes can metabolise hydrocarbons 
aerobically, anaerobically or by fermentation. The variation in hydrocarbon structure 
results in different rates of degradation and by different enzymes. 
 
2.3.1.1  Degradation of Alkanes 
 Alkanes of intermediate length (between 10 and 24 carbon atoms) can be 
biodegraded easily. In terminal oxidation, monooxygenase convert alkane into alkan-1-
ol (Britton, 1984). In sub-terminal oxidation, a secondary alcohol is produced. The 
alcohol produced via terminal oxidation is first oxidised to an aldehyde and fatty acid. 
ω-oxidation may also occur to produce α- or ω-dioic acid and ω-hydroxy fatty acid. 
All fatty acids are further metabolised by β-oxidation into acetyl-CoA. The secondary 
alcohol is oxidised to ester and hydrolysed into acid and alcohol. The alcohol is then 
oxidised into fatty acid that undergoes β-oxidation. Branched alkanes and cycloalkanes 
are degraded slower than straight chain alkanes (Atlas, 1984). 
 
2.3.1.2  Degradation of Alkenes 
 Four possibilities exist in alkene metabolism: 
 
a. An oxygenase can act on the terminal methyl group to produce alken-1-
ol; 
b. An alkenol with a hydroxyl group at a non-terminal carbon can be 
produced via subterminal oxidation; 




d. A double bond may also be oxidised to give a diol. 
 
Co-metabolism, whereby an organic substrate is transformed by a 
microorganism that cannot use the substrate or its constituent element as a energy 
source, is important in the degradation of alkenes (Alexander, 1999). 
 
2.3.1.3  Degradation of Aromatics 
 Aromatics are degraded slowly (Atlas, 1984). Most aromatics are converted 
into catechol or protocatechuate that are single-ring compounds. These would 
subsequently enter into the oxidative catabolic pathway to be degraded into acetyl-
CoA (Madigan et al., 1997). Aromatic hydrocarbons can also be degraded 
anaerobically. Ring reduction is followed by ring cleavage in anoxic catabolism to 
produce a straight-chain fatty acid or dicarboxylic acid that is also converted into 
acetyl-CoA. 
 
2.3.2 Enhancement of Bioremediation 
Knowledge of the microbes present in the particular site, their growth 
requirements and interaction with one another and the environment are helpful in 
enhancing bioremediation. Some of the factors that affect bioremediation are: 
temperature, pH, redox potential, nutrients ratio, electron acceptors, types of 
contaminants, bioavailability of contaminants, toxicity of contaminants and potential 
microbial activity (Wubah et al., 1994). These factors could be optimized for enhanced 
bioremediation. Increasing microbial population or the availability of nutrients can 





 Since microorganisms can be encouraged to degrade any organic chemical, the 
natural biodegradative pathways of a number of pollutants have been characterized. 
These include polycyclic aromatics and polychlorinated biphenyls (Cerniglia and 
Heitkamp, 1989; Abramowicz, 1990). Rapid screening assays are also being developed 
to identify microbes that can degrade specific wastes (Krieger, 1992). Specific enzyme 
genes, in a small and mixed microbial population, can be detected by molecular probes 
(Olson, 1991). Once such genes have been detected and isolated, they can be 
manipulated to produce genetically modified microorganisms. 
 
Microbes may evolve via mutation and selection to degrade environmental 
pollutants. The ability of microorganisms to degrade hydrocarbons has been studied 
since the 1940s (Zobell, 1946). More than 100 species in soil and marine environment, 
such as Achromobacter, Acinetobacter, Alcaligenes, Arthrobacter, Bacillus, 
Flavobacter, Nocardia, Pseudomonas, Corynebacter and Vibrio, were able to utilize 
hydrocarbons for growth (Atlas, 1995; Floodgate, 1995). Such microbes can be 
isolated, cultured and inoculated onto other locations or into bioreactors for the 
degradation of crude oil, jet fuel and organohalogens (Rambeloarisoa et al., 1984; 
Criddle et al., 1990; Aelion and Bradley, 1991). In vitro mutation and selection via 
deliberate genetic manipulations have been used to produce genetically modified or 
engineered microorganisms. These microbes can degrade at a faster rate or degrade 
compounds previously deemed to be undegradable. However, the practical application 
of genetically modified microbes is still restricted by issues of safety, containment and 






2.3.3 Guidelines for Using Bioremediation 
Bioremediation is likely to complement other chemical and physical treatments 
(Lee and Merlin, 1999). There are also factors that should be considered before using 
bioremediation, such as the nutrient level in the contaminated sites, presence/absence 
of hydrocarbon degraders, type and concentration of oil, climate and type of soil 
contaminated (Alexander, 1999). 
 
Monitoring of bioremediation is essential to ensure treatment has reached into 
the subsurface. Monitoring of nutrient content and microbial activity will also help to 
determine if additional nutrients should be provided. Fertilizer level should be 
sufficient to support microbial growth and also be within safety limits. Other health 
and toxicity considerations include the possibility of algal blooms and oxygen 
depletion resulting from the excessive usage of fertilizer. Moreover, microbes and 




2.4 Techniques of Bioremediation 
2.4.1 Conventional Techniques 
 Bioremediation technology can be categorized into ex situ and in situ 
techniques (Boopathy, 2000). The former involve the physical removal of 
contaminated materials for treatment while the latter treat the materials at the actual 





 In situ techniques involving lower level of technology include land farming and 
composting. In the former, contaminated soil is aerated by tilling, sometimes mixed 
with water, nutrients and microorganisms (Eweis et al., 1998; Watanabe, 2001). 
Composting is an aerobic and thermophilic treatment process. Contaminated materials 
are mixed with a bulking agent in static piles or aerated piles (Boopathy, 2000). 
 
When microorganisms are added to contaminated groundwater and soils in situ, 
this technique is termed bioaugmentation (Korda et al., 1997; Boopathy, 2000; Venosa 
and Zhu, 2003). In contrast, biostimulation introduces oxygen, water and nutrients 
(usually nitrogen, phosphorus and trace elements) to stimulate indigenous degraders to 
treat contaminated groundwater and soils (Korda et al., 1997; Venosa and Zhu, 2003). 
In bioventing, air is introduced into the vadose zone by vacuum extraction or forced 
into the soil by positive pressure. The introduced air provides oxygen for aerobic 
microorganisms to carry out degradation (Alexander, 1999). However, in ‘pump and 
treat’, contaminated groundwater is pumped to the surface, treated and reinjected 
(Testa and Winegardner, 2000). Bioremediation can also be carried out ex situ in a 
container or reactor to treat contaminated slurries and liquids (Eweis et al., 1998). 
 
2.4.2 Novel Techniques 
 More recent studies on bioremediation have given rise to the possibilities of 
using anaerobes, microalgae and protozoan. 
 
2.4.2.1 Anaerobic Bioremediation 
 Organic contaminants in anaerobic aquifers are difficult to be biodegraded 




found to degrade organic contaminants in aquifers (Lu et al., 1999). In situ stimulation 
of anaerobic degradation, such as the addition of alternative electron acceptors like 
sulfate and nitrate, in heavily contaminated aquifers was found to be effective (Coates 
and Anderson, 2000). Hence stimulating anaerobic microorganisms in these locations 
may enhance bioremediation. 
 
 Addition of soluble electron acceptors has been found to stimulate in situ 
degradation of petroleum hydrocarbons such as benzene (Anderson et al, 1998; Weiner 
et al, 1998; Weiner and Lovley, 1998; Anderson and Lovley, 1999). When necessary, 
a microbial culture capable of degrading benzene must be introduced into aquifers 
contaminated with benzene (Burland and Edwards, 1999). 
 
 An interesting approach involves the production of oxygen from very low 
amount of perchlorate or chlorite by anaerobic microorganisms in anaerobic locations 
(Coates et al, 1998; 1999a; 1999b). Aerobic microbes, e.g. Pseudomonas spp, then 
utilise the oxygen to degrade benzene. However, it remains to be determined whether 
this method is more advantageous over other in situ techniques (anaerobic and 
aerobic). 
 
These findings suggest that in situ anaerobic processes can be stimulated and 
may have potential for widespread applications, including petroleum bioremediation. 
However, anaerobic processes are slow, incomplete and some intermediates may be 







 Bioremediation research has mostly concentrated on bacteria and fungi 
(Dagley, 1978; Middlehoven, 1993). Studies on algae had been encouraging, raising 
the possibility of using microalgae for bioremediation (Semple et al., 1999). However, 
most of these studies were conducted in the 1970s. Some examples are given below. 
 
 Prototheca zopfii, an achlorophyllous algae, was found to degrade different 
hydrocarbons in crude and motor oils (Walker et al, 1975). Naphthalene was toxic to 
Chlamydomonas angulosa, with 60-98% of the cells killed. However, after a lag phase 
of three days, the algae began to grow and multiply at rates similar to those not 
exposed to naphthalene (Soto et al., 1975a; 1975b). Cyanobacteria, diatoms and 
eukaryptic microalgae were shown to biotransform naphthalene into four metabolites 
but the degradation rate was only very low (Cerniglia et al., 1979; 1980a; 1980b; 
1982). Scenedesmus obliquus was able to utilize naphthalene sulfonic acids and release 
desulfonated carbon ring (Luther, 1990; Luther and Shaaban, 1990). Chlamydomonas 
reinhardtii was found to remove 4-95% of iso-octane-extracted PAHs from diesel 
particulate exhaust although it was unlikely that the PAHs derivatives were consumed 
as nutrients (Liebe and Fock, 1992). Ochromonas danica, a chrysophyte algae, could 
grow on phenol or p-cresol as the sole carbon source (Semple, 1997). 
 
2.4.2.3 Predatory Flagellates 
 There are large populations of subsurface bacterivorous flagellates in organic 
contaminated sites (Sinclair et al., 1993). Unfortunately, the role of protozoa in 
biodegradation is unclear. However recent studies showed that protozoa may have a 





Bacterivorous ciliates could increase degradation efficiency of a petrochemical 
activated sludge process (Holubar et al., 2000). Colpidium colpoda was able to 
enhance biodegradation of crude oil in batch culture (Rogerson and Berger, 1983). In 
the presence of the flagellate Heteromita globosa, the rate of toluene consumed by a 
Pseudomonas sp. was higher (Mattison and Harayama, 2001). It was suggested that 
bacterial growth and degradation were increased by the ‘cropping’ behaviour and 
excreted matters of this protozoa. Mucus produced by protozoa may also had an 
emulsifying effect on the oil, thereby facilitating the latter’s biodegradation. 
 
 However, the lack of knowledge of grazing preferences and competitive 
abilities of protozoa in the field must be addressed before confirming that these 
microbes could play an important role or be employed in in situ bioremediation 
(Mattison and Harayama, 2001). 
 
 
2.5 Bioremediation in Marine Environment 
 The marine environment is vulnerable to contamination by many organic 
pollutants from various sources. These could be uncontrolled release from 
manufacturing and refining plants, spillage from transportation and run-off from 
terrestrial sources (Harayama et al., 1999).  
 
Crude oil contributes 1.7–8.8 × 106 tons of petroleum hydrocarbons into marine 
waters annually (Head and Swannell, 1999). Large oil spills such as the Exxon Valdez 




that occur regularly in coastal waters. Between 1986-1996, 6845 oil spills were 
reported around the coast of UK (Head and Swannell, 1999). Hence there has been 
extensive research on oil spill bioremediation in the marine environment (Prince, 
1997). 
 
2.5.1 Approaches for Bioremediating Floating Petroleum 
 Biodegradation of floating petroleum can be stimulated by adding 
biosurfactants and chemical dispersants to encourage dispersion of petroleum 
(Varadaraj et al., 1995; Prince, 1997). This will result in an increased surface area for 
microbial colonisation and attack at the oil-water interface. As petroleum is dispersed 
into a larger area, the C source available for the microorganisms will be more 
widespread, hence facilitating bioremediation. Other approaches include using 
dispersant-containing nitrogenous nutrients or microbial cultures (Mohan et al., 1979; 
Bronchart et al., 1985). Unfortunately, these are currently not available commercially 
(Prince, 1997). 
 
There were also many proposals to add bacteria onto oil slicks and use 
genetically engineered microorganisms with enhanced biodegradation capabilities. 
One commercial product of non-engineered bacteria was used in the Mega Borg oil 









2.5.2 Approaches for Bioremediating Beached Petroleum 
 Washing of contaminated beaches and shores always leave behind some 
residual petroleum even when a detergent is included in the wash water. The residual 
petroleum could serve as a target of bioremediation. 
 
Substantial work on this area has been done (Prince, 1993; Prince, 1995; 
Swannell et al., 1996). Fertilizers were added in bioremediation of residual petroleum. 
The fertilizer can either adhere to petroleum and provide nutrients at the water-oil 
interface. These fertilizers increased biodegradation by two to five times without any 
harm to the environment in the cleanup of the Exxon Valdez spill (Ladousse and 
Tramier, 1991; Prince et al., 1994; Bragg et al., 1994). 
 
 Bacterial inocula have been claimed to increase biodegradation. However, 
results have been controversial and many reports indicated that there were no 
beneficial effects (Prince, 1997). Although molecular genetics has the potential to 
improve the degrading ability of microbes, little progress has been made in developing 
such strains and in convincing the public that such strains can be safely released into 
the environment. 
 
 The majority of research is focused on understanding shoreline environment 
and developing ways to encourage biodegradation rates of indigenous microbes 
without harmful effects to the environment. There is optimism that a deeper 
understanding of the microbial ecology of the spill site will lead to the development of 






2.6 Immobilization of Cells 
 Immobilization is a general term used to describe the different techniques of 
cell attachment and entrapment (Cassidy et al., 1996). There are many techniques to 
immobilize cells and they are mainly categorized according to the four physical 




 This is a common and simple form of immobilization, making use of the 
natural ability of the cell to adhere to surfaces (Berkeley et al., 1980). Once attached 
onto the surface, the cells will grow to form a biofilm. The film can consist of a single 
layer of cells or as thick as several millimeters (Cooper and Atkinson, 1981; Butler et 
al., 1987).  
 
If cells do not adhere naturally, chemical means such as cross-linking by 
glutaldehyde, silanization to silica supports, chelation to metal oxides can be used to 
immobilize the cells (Karel et al., 1985). While this technique is cheap and simple, 
there are also disadvantages. Attached cells are in direct contact with the environment 
and subjected to shear forces. Hence, some cells may detach from the surfaces. 
 
2.6.2 Entrapment 
Immobilization by entrapment can occur in many porous structures which can 
























structures takes place as a natural result of cell growth, therefore the efficency of 
immobilization is dependent on the types of cell and structure. Porous structures used 
include polyurethane, polyvinyl, acrylamide, collagen, agar, agarose and alginate. 
Entrapped cells are protected from external shear forces but they are not confined 
within the structures by any barrier.  
 
The most popular entrapment technique involves porous structures formed in 
situ around cells.This can be used on almost any types of cells. Cell suspension is 
usually mixed with a compound that can gel to form the porous structure. Most of 
these compounds are polysaccharide gels such as agar, alginates and κ-carrageenan 
(Kok et al., 2000). 
 
2.6.3 Aggregation 
 Some cells, such as yeast and fungal mycelium, may flocculate to form large 
aggregates, making it possible to retain them in bioreactors (Greenshields and Smith, 
1971; Metz and Kossen, 1977). Under some conditions, non-flocculating microbes can 
also be encouraged to flocculate (Prince and Barford, 1982). 
 
2.6.4 Containment 
 A preformed barrier or one that is formed in situ can be used in containment of 
cells. Mixing a cell suspension with an immiscible liquid such as an organic solvent is 
one form of containment (Rupp, 1985). Semi-permeable membranes are the other 
barriers employed (Chang, 1987). Containment is mostly used in mammalian tissue 





2.6.5 Pros and Cons of Immobilization 
 There are a number of advantages in immobilizing cells (Dervakos and Webb, 
1991). On the other hand, distinct disadvantages of immobilizing cells are also 
apparent (Riley et al., 1999). These are summarized in the Table 2.1.  
 
 
2.7 Polyurethane Foam (PUF) 
 Polyurethane is commonly used as a biomass support particle (BSP). BSP 
consists of a network of support material, comprising a complex pattern of continuous 
voids to provide high porosity. Cells immobilized on BSP have been used in 
wastewater treatment, ethanol production, beer production, tissue and plant cell culture 
(Webb, 1996c). 
 
The physical properties of PUF can vary as there are many choices of starting 
molecules and reaction conditions (Moe and Irvine, 2000). PUF can be rigid or 
flexible. The pore size can be large or small. A number of additives may also be 
incorporated into PUF.  In the manufacturing of PUF, a diol is allowed to react 
with a diisocyanate. Foam structure is formed by the entrapped gas bubbles in the 
chemical mixture (Wirpsza, 1993). Flexible PUF is prepared from polyols of 
moderately high molecular weight and low degree of branching while rigid PUF is 
prepared using highly branched resins of low molecular weight (Braun et al, 1985). 
 
Properties of PUF such as density and water retention can be changed by 
controlling the ratio of polymer to cross-linking agent, foaming temperature, pH, and 







Advantages of immobilization Disadvantages of immobilization 
 
a) Improved biological 
stability 
b) Higher biomass holdup 
c) Better mass transfer 
d) Higher product yields 
e) Improved reactor choice 
f) Improved downstream 
processing 
g) Better partition effects 
h) Better product stability 
 
a) Cell growth is restricted by 
the limited space available 
b) Immobilized cell number is 
difficult to quantify with 
direct and non-destructive 
methods 
c) A potential diffusion 
limitation in supply of 
nutrients and oxygen to 
immobilized cells 
 
Table 2.1 A summary of the advantages (Dervakos and Webb, 1991) and 




separating the individual gas bubbles may or may not be ruptured in the final stage of 
expansion, depending on the relative rate of molecular growth (gelation) and gas 
reaction to produce an open pore (where the bubbles interconnect) or closed structure 
(where the bubbles do not connect). 
 
 
2.8 Degradation by Immobilized Microorganisms 
 There are many publications on the applications of immobilized cells but fewer 
studies on the use of such cells in biodegradation. Some examples of such studies are 
described in this section. Their results indicated that degradation performance of 
immobilized cells was as good as, or even better than free cells. 
 
2.8.1 Degradation of Petroleum by Immobilized Microorganisms 
 Wilson and Bradley (1997) immobilized Pseudomonas fluorescens on a loose 
fibrous matrix called Drizit. A large number of P. fluorescens cells were immobilized 
on Drizit that had a high absorbence for oil. Moreover, freeze-dried immobilized cells 
survived for two months. Biodegradation of pristane, phytane and C13-C18 n-alkanes in 
petrol (Slovene diesel) were 74% in the immobilized cells, as compared to only 40% in 
free cells. Interestingly, when nitrates and phosphates were added, degradation by free 
cells increased to 74% while there was no change in the extent of degradation by the 
immobilized cells. 
 
Another strain of Pseudomonas sp. that was immobilized on PUF had similar 




of cells immobilized on PUF was found to affect the rate of degradation, with a higher 
cell concentration accounting for more degradation. 
 
 The role of adherent microorganisms in the bioremediation of crude oil 
pollution in the Kuwaiti desert was studied by Obuekwe and Al-Zarban (1998). Pieces 
of stones and other solid materials from oil lake sites of the Kuwaiti desert appeared 
clean, indicating surface-associated enhanced crude oil degradation. Psedomonas spp., 
Candida spp. and Aspergillus spp. colonized the surface of the solid materials. 
Weathered Kuwaiti crude oil was degraded by mixed cultures enriched from washed 
stones and other solids obtained from the polluted lake sites, in the presence and 
absence of styrofoam pieces that acted as a cell support. However, the presence of 
styrofoam resulted in twice as much total hydrocarbon degraded at 44% as was seen in 
the absence of the cell support. pH also decreased as degradation progressed, with the 
decrease greater in the presence of styrofoam. However, the effect of pH decrease on 
degradation and cells was not investigated. 
 
 To remove oil films on water surface through absorption and biodegradation, 
Oh et al. (2000) prepared a highly oil-absorbent polyurethane foam containing slow-
releasing fertilizer and oil-degrading Yarrowia lipolytica 180. The foam absorbed 
seven to nine times their own weight of Arabian light crude oil and the immobilized Y. 
lipolytica 180 showed similar degradation ability as free cells. Viability of 
immobilized cells were also maintained for two months when immobilized with chitin 





 A consortium of extremely halotolerant oil-degrading bacteria immobilized on 
polypropylene fibers were more tolerant of high salinity and had better biodegradation 
performance than free cells (Diaz et al., 2002). When the salinity of culture medium 
exceeded 20 g/l, the immobilized cells degraded more Total Alwyn oil than free cells. 
At the extreme salinity of 180 g/l, degradation still occurred and was four to seven 
times higher than free cells.  
 
Prototheca zopfii were immobilized in polyurethane foam (Yamaguchi et al., 
1999). The biodegradation rate of C14, C15 and C16 n-alkanes by these cells double, 
when compared against those of free and alginate-immobilized cells. Lag phase was 
also shortened in immobilized P. zopfii. 
 
2.8.2 Degradation of Toxic Organic Wastes by Immobilized Microorganisms 
 An alternative immobilization technique replacing KCl with KCl and chitosan 
as gelling agent was used to entrap a chlorophenol-degrading isolate in carrageenan 
(Wang and Qian, 1999). The immobilized cells were used to degrade 4-chlorophenol 
and the results showed that the latter was degraded more quickly by immobilized ceels 
than by free cells. The tolerance of immobilized cells against different 4-cholorophenol 
concentrations was also investigated. At low concentrations of the substrate, the 
degradation rate was similar for both immobilized and free cells. However for free 
cells, degradation rate decreased with increasing chlorophenol concentrations. At 250 
mg/l of 4-chlorophenol, degradation by free cells was slow while immobilized cells 





 A Pseudomonas sp. strain SY5 was immobilized in polyurethane foam to 
degrade polychlorinated biphenyls (PCB) (Na et al., 2000). Viability of immobilized 
SY5 in the foam was high and more PCB was degraded as compared to the free cells.  
 
 Another Pseudomonas sp. strain NGK1 was also immobilized in polyurethane 
foam to degrade naphthalene in batch and continuous culture system (Manohar et al., 
2001). Increasing concentrations of naphthalene were better tolerated and more quickly 
degraded by immobilized cells than by free cells. For example, immobilized cells 
required two days to completely degrade 25mM of naphthalene while free cells needed 
twice as much time. Furthermore, immobilized cells were reused 45 times over 90 days 
without losing degrading ability. 
 
 In all of the studies mentioned in this section, the better results observed in 
immobilized cells could be due to the use of an oleophilic or hydrophobic matrix that 
most likely increased the availability of substrate (by adsorption) to the immobilized 
cells, allowing the substrate to be degraded more rapidly. A higher cell concentration, 
improved catalytic stability and tolerance against toxic wastes due to immobilization 
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3.1 Polyurethane Foams (PUF) 
PUF was purchased from E-Chan Industries Pte Ltd (Singapore). PUF of three 
densities were used: 14 (D14), 22 (D22) and 28 (D28) kg/m3. The PUF was washed 
with distilled water, dried at 30oC overnight and cut into (cm): 1 × 1 × 1, 1 × 1 × 2, 1 × 
1 × 4, and 2 × 2 × 2 pieces. 
 
 
3.2 Bacterial Cultures 
Four microorganisms were used. F92 (Rhodococcus sp.) and F43 (Candida sp.) 
were isolated from contaminated fresh water from a port in Singapore. F92 has 
recently been deposited with American Type Culture Collection and given the 
accession number ATCC BAA-558. P12 (Rhodococcus sp.) was isolated from a slurry 
bioreactor and AR is an Arthrobacter sp. (ATCC 21908). 
 
These microorganisms were maintained on agar plate and kept at 4oC. Liquid 
cultures were grown by inoculating from the agar plate into nutrient broth (NB) 
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3.3 Petroleum Products 
 Arabian Light Crude (ALC), Al-Shaheen Crude (ASC) and diesel were kindly 
supplied by ExxonMobil. Oil slops were collected from a Shell refinery located on 
Pulau Bukom, Singapore.  
 




3.4 Characterization of PUF 
 The following three properties of PUF were assessed to determine whether they 
were suitable to be used for immobilization of microorganisms and as an oil adsorbent. 
 
3.4.1 Toxicity Test 
500 µl of 3-day old liquid cultures of F92, F43, AR and P12 were each spread 
evenly on agar plate. PUF of each density were cut into slices of about 1 cm × 1 cm × 
0.1 cm. Each slice was placed onto the middle of agar plates already spread with 
bacterial liquid culture. Plates without PUF were used as controls. The plates were 
incubated at 300C for 3-4 days. The area around and in contact with the PUF were 
observed for bacterial growth. 
 
3.4.2 Measurement of Cross-Sectional Pore Area and Perimeter 
PUF of different densities were cut into 0.5–1 mm slices and viewed using an 
Olympus BX60 microscope. The cross-sectional pore area and perimeter were 
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measured using the Soft Imaging System, GmbH, (analysis 3.0). A total of 200 
measurements were taken for each type of PUF. 
 
3.4.3 Determination of ALC Adsorption Capacity 
The Standard Test Method for Sorbent Performance of Adsorbents (American 
Society for Testing and Materials [ATSM] F 276-99) was adopted with modifications 
for this experiment. PUF of dimensions (cm) 1 × 1 × 1, 1 × 1 × 2, 1 × 1 × 4, and 2 × 2 
× 2 were weighed, placed gently into a beaker containing ALC and allowed to float 
undisturbed. After being removed from ALC and the excess oil allowed to drip off, the 




3.5 Growth of Microorganisms in NB and Marine Broth 
 The growth curve of each microorganism in NB was determined. Two ml of a 
3-day old liquid was inoculated into 18 ml of NB. The cell number was quantified by 
spread plate on nutrient agar and expressed as colony forming unit (CFU)/ml. 
 
 To determine if the microorganisms used were able to grow in a marine 
environment, their growth curve in marine broth (MB) (Difco) was also obtained. The 
method was similar to determining growth curve in NB except that MB and marine 
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3.6 Immobilization of Cells 
3.6.1 Enumeration of Viable Cells Immobilized on PUF 
 To ensure that only the immobilized cells were quantified, the PUF was rinsed 
with sterile NB. The PUF was then torn into fine pieces using sterile forceps, 
suspended in NB and vigorously vortexed to dislodge the immobilized cells. Aliquots 
of 0.1 ml were plated onto nutrient agar and incubated at 30oC until colonies appeared. 
Viable immobilized cells were expressed as CFU/g PUF. Immobilization efficiency 
(IE) was calculated as the fraction of the total viable cells that were immobilized. 
 
3.6.2 Immobilization onto PUF of Different Densities 
The objective of this experiment was to investigate the immobilization 
efficiency of the microorganisms on different types of PUF. 
 
A 1 cm × 1 cm × 1 cm PUF was weighed and placed into a 100 ml Erlemeyer 
flask containing 18 ml of NB and autoclaved at 121oC for 15 min. Two ml of 3-day old 
F43, F92, P12 and AR liquid cultures were then inoculated separately into each flask. 
The cultures were incubated at 30oC with shaking (200 rpm). Viable immobilized cells 
were quantified (as described in Section 3.6.1) after two, four, seven, nine and 11 days 
of immobilization. 
 
3.6.3 Effect of Inoculum Size 
To investigate the effect of inoculum size on immobilization onto D14 PUF, 
the following inoculum sizes of F92 were used: 1×109, 1×108, 1×107 and 1×106 
CFU/ml. The different inoculum sizes used for immobilization of F43 onto D14 and 
D22 PUF were: 1×108, 1×107, 1×106 and 1×105 CFU/ml. 
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The respective inoculum were added into 18 ml of NB containing 1 cm × 1 cm 
× 1 cm D14 PUF whose weight had been recorded. The cultures were incubated at 
30oC with shaking (200 rpm). Viable immobilized cells were enumerated after two and 
four days of immobilization respectively for F43 and F92. 
 
3.6.4 Effect of Inoculum Age of F92 
 D14 PUF of 1 cm × 1 cm × 1 cm size were weighed individually and 
autoclaved at 121oC for 15 min. The PUF were dried overnight at 50oC and kept at 
room temperature. A 3-day old F92 liquid culture was grown as described in Section 
3.2. Two ml of this liquid culture was then inoculated into 18 ml of NB and incubated 
for two, four or six days respectively. Following the incubation periods, a sterile PUF 
was added into each of the three flasks. Viable immobilized F92 on PUF was 
quantified after another four days of incubation. In the control, PUF was present in the 
NB when two ml of the liquid culture was added (this was similar to the 
immobilization method in Section 3.6.2) and viable immobilized cells enumerated 
after four days of immobilization.  
 
 
3.7 Scanning Electron Microscopic (SEM) Examination of Immobilized Cell 
Morphology 
1 cm × 1 cm × 1 cm PUF immobilized with microorganisms was first fixed in 
2% paraformaldehye and 2% glutaraldehyde in 0.1M sodium cacodylate buffer (pH 
7.4) for 1 hr. This was followed by rinsing twice for 10 min each in sodium cacodylate 
buffer and post-fixing in 1% osmium tetraoxide buffer (pH 7.4) for 1 hr at 4oC. The 
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PUF was then washed twice in sodium cacodylate buffer for 10 min each at room 
temperature.  
 
Dehydration was carried out with a series of ethanol (50%, 75% and 95%) at 
room temperature for 15 min each. Three changes of 100% ethanol for 20 min each 
was used for the final dehydration of PUF. 
 
PUF was then dried using CO2 critical point technique (Balzers Critical Point 
Dryer – CPD 030) and sputter-coated with gold (Bal-Tec SCD005 Sputter Coater). 
Observations were done using a JOEL JSM 5600LV scanning electron microscope. 
 
 
3.8 Degradation of ALC 
3.8.1 Degradation by Free Microorganisms 
Degradation was carried out in 250 ml Erlenmyer flask containing artificial 
seawater (ASW) supplemented with nitrogen (N) and phosphate (P) solution to 
simulate bioremediation in marine environment (Foght et al., 1989). ASW contained 
(per 1 l volume): 23.4 g NaCl, 0.75 g KCl, 7 g MgSO4.7H2O, 0.67 g CaCl2.2H2O and 
0.001 g FeSO4.7H2O. The final pH was adjusted to 7.5 using 1 M NaOH. N and P 
solution contained (per 1 l volume): 70 g K2HPO4, 30 g KH2PO4 and 100 g NH4NO3 
respectively. The final pH was adjusted to 7.5 using 10 M KOH. ASW and N and P 
solution were prepared separately and autoclaved at 121oC for 15 min. 1% (vol/vol) N 
and P solution were added into ASW just before use. 
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Sterile ASW (supplemented with N and P solution) was inoculated with 0.5% 
ALC and 2.5 ml of 3-day old liquid cultures of F43, F92, P12 and AR, making up the 
final volume to 25 ml. Uninoculated ASW was used to monitor the abiotic loss of 
ALC. The flasks were incubated with shaking (200 rpm) at 30oC for 21 days. 
 
3.8.2 Degradation by Immobilized F92 and F43 
F43 was immobilized for two days while F92 was immobilized for four days 
on 1 cm × 1 cm × 1cm D14 PUF. The PUF was rinsed with sterile ASW before being 
transferred into 25 ml of ASW supplemented with 1% N and P solution and containing 
0.5% ALC. Uninoculated ASW was used to monitor the abiotic loss of ALC while 
sterile abiotic PUF (without microorganisms) was used to monitor the abiotic loss in 




3.9 Effect of N and P Concentrations on ALC Degradation by Immobilized 
F92 
To investigate the effect of varying N and P solution concentration in ASW on 
the degradation of ALC, four different concentrations were used: 0%, 0.5%, 1.5% and 
2%. F92 was immobilized on 1 cm × 1 cm × 1 cm D14 PUF for four days as described 
in Section 3.7.2. Abiotic and abiotic PUF controls were included. All flasks were 
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3.10 Effect of Storage on ALC Degradation by Immobilized F92 
F92 was immobilized for two and four days on 1 cm × 1 cm × 1 cm D14 PUF. 
The PUF was rinsed with sterile NB and placed on petri dish. The PUF was dried 
overnight at 30oC and then stored at room temperature for one, two, three, four, eight 
and 16 weeks respectively. The PUF was then transferred into 25 ml of ASW 
containing 1% N and P solution and 0.5% ALC. Abiotic and abiotic PUF controls were 
used. All flasks were incubated with shaking (200 rpm) at 30oC for 14 days. 
 
 
3.11 Liquid-liquid Extraction of Residual ALC in ASW 
At intervals, the entire contents of a flask were extracted to determine the 
extent of ALC degradation. The liquid-liquid extraction procedure used was adapted 
from a few sources (Obuekwe and Al-Zarban, 1998; Palittapongsrnpim et al., 1998; 
Nocentini et al., 2000). The residual ALC in ASW was extracted using n-
hexane:acetone (1:1) (Merck). 10 ml of n-hexane:acetone was added to the content of 
the flask and the mixture vigorously shaken to ensure that all the oil sticking to the 
wall of the flask were washed down by the solvent. The mixture was then transferred 
into a separatory funnel that had been rinsed with n-hexane:acetone. Another 10 ml of 
n-hexane:acetone was added any remaining residual ALC removed and transferred to 
the separatory funnel. This process was repeated with another 10 ml of the organic 
solvent. In flasks containing PUF, a glass rod was used to squeeze out ALC from the 
PUF. This is to ensure that ALC adsorbed by the PUF was thoroughly extracted. 
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The extracted residual ALC was filtered through Whiteman filter paper 




3.12 GC-MS Analysis of the Extracted Residual ALC 
The GC-MS technique used was adapted from Wang et al. (1994). After 
extraction by n-hexane:acetone, the residual ALC was analyzed by GC-MS to detect 
for n-alkanes (C10 to C30), pristane (a C19 isoprenoid), phytane (a C20 isoprenoid) and 
C30-17α(H), 21β(H)-hopane. The structures of pristine, phytane and C30-17α(H), 
21β(H)-hopane are shown in Fig. 3.1. 
 
GC-MS analysis was done on a Hewlett-Packard (HP) 6890 GC equipped with 
a HP6890 Mass Selective Detector (MSD) and a HP6890 auto-sampler. An HP 
19091S-433, HP-5MS 5% phenyl methyl siloxane 30.0 m x 250 µm i.d. (0.25 µm film) 
capillary column was used for separation of hydrocarbons. Helium was used as the 
carrier gas, with a flow rate of 1.6mL/min. Injector and detector temperatures were set 
at 290oC and 300oC respectively. 
 
The temperature programme for n-alkanes was: 2-min hold at 50oC; ramp to 
105oC at 8oC/min; ramp to 285oC at 5oC/min and 3-min hold at 285oC. The 
temperature programme for C30-17α(H), 21β(H)-hopane was: 2-min hold at 50oC; 
ramp to 105oC at 8oC/min; ramp to 300oC at 5oC/min and 5-min hold at 300oC. A 1 µL 
aliquot was injected using a splitless mode with a 6-min purge-off. 
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Fig. 3.1 Structure of (a) pristane, (b) phytane and (c) C30-17α(H), 21β(H)-
hopane. 
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The extent of ALC degradation was assessed by first calculating the peak area 
of: 
(a) C17 n-alkane 
(b) C18 n-alkane 
(c) pristane 
(d) phytane 
(e) total n-alkanes (C10 to C30) 
(f) C30-17α(H), 21β(H)-hopane 
 
The extent of ALC degradation was calculated according to the formula below. 




          Extent of n-C17 degradation = (A - A’)   ×  100% 
                                                               A’ 
 
     where A = ratio of n-C17:pristane in treatment flask at day X 
 









          Extent of n-C18 degradation = (B - B’)   ×  100% 
                                                               B’ 
 
     where B = ratio of n-C18:phytane in treatment flask at day X 
 













          Extent of total n-alkanes degradation = (C - C’)   ×  100% 
                                                                             C’ 
 
    where C = ratio of total n-alkanes:hopane in treatment flask at day X 
 








3.13 Degradation of Other Petroleum Products by Immobilized F92 
 To investigate the versatility of immobilized F92 in degrading other petroleum 
products, ASC and diesel were used. F92 was immobilized for four days on 1 cm × 1 
cm × 1 cm D14 PUF. The PUF were rinsed with sterile ASW before being transferred 
into 25 ml of ASW supplemented with 1% N and P solution and containing 0.5% of 
the respective petroleum products. Uninoculated ASW was used to monitor the abiotic 
loss while sterile abiotic PUF (without microorganisms) was used to monitor the 
abiotic loss in the presence of D14 PUF. All flasks were incubated with shaking (200 
rpm) at 30oC for 14 days. At intervals, the entire contents of a flask for each test 
condition were extracted and analyzed by GC-MS. Three experiments were conducted. 
 
 
3.14 Ex Situ Degradation of Oil Slops by Immobilized F92 
As an assessment for a future field study, slops was collected from a local 
refinery to be degraded ex situ by immobilized F92. Slops is a mixture of all minor 
spillages in a refinery (Fig. 3.2). As such, the composition of slops is complex. 
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Fig. 3.2 Location where oil slops was collected. On the left (like a waterfall ) 
is the clean effluent which flows below a weir. Upstream of the weir are 
adjustable oil skimmers which can be lowered to skim away the oil 
from the surface of the water. The skimmed oil is collected in an oil 
sump which is serviced by a pump to transfer the oil slops to a tank. 
After settling, the slops is sent to the process units to be reprocessed. 
Slops is a mixture of all minor spillages from oil streams handled in a 
process area which is served by oil trap. 
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Therefore the identification and quantification of each contributing petroleum 
products is beyond the scope this study. In situ degradation of slops was carried out as 
described in Section 3.13. The decrease of n-alkanes content in the slops were 




3.15 Ex Situ Bioremediation of Petroleum-Contaminated Waste Water by 
Immobilized F92 
 The feasibility of using immobilized F92 to bioremediate petroleum-
contaminated waste water in an actual setting was assessed in this section. Petroleum-
contaminated waste water samples at the ExxonMobil refinery on Jurong Island, 
Singapore were collected after being treated by an American Petroleum Institute (API) 
separator. Water samples were also collected from the inlet to the wastewater treatment 
facilities. The concentration of petroleum hydrocarbons were about 70 ppm and about 
50 ppm at the post-API separator and the inlet to the waste treatment facilities 
respectively. 
 
Degradation was carried out in 45 cm × 27 cm × 11 cm plastic trays containing 
the respective contaminated waste water. The latter was supplemented with 1% of N 
and P solution and 200 ml of 3-day old liquid culture of F92, making up the final 
volume to two litres. Uninoculated waste water samples was used to monitor the 
abiotic loss of the petroleum contaminants while abiotic PUF (without 
microorganisms) was used to monitor the abiotic loss in the presence of PUF. F92 was 
immobilized for four days on 20 D14 PUF pieces measuring 1 cm × 1 cm × 1 cm. The 
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PUF were rinsed with sterile ASW before being transferred into two litres of the 
respective waste water samples supplemented with 1% N and P solution. The trays 
were placed under temperature between 28oC and 32oC. 
 
The contaminated waste water were mixed thoroughly and duplicate samples of 
25 ml (together with one PUF if applicable) were collected. The petroleum 
contaminants were extracted from the water and analyzed by GC-MS, as described in 




















4.1 Characterization of PUF 
 PUF were characterized for any toxicity towards microbial growth, cross-
sectional pore perimeter and size, and ALC adsorption capacity. The first two 
properties would determine if PUF was suitable for use as a biomass support paticle. 
The suitability of using PUF to adsorb oil in bioremediation would be affected by its 
capacity to adsorb ALC. 
 
4.1.1 Toxicity of PUF to Microorganisms 
 On agar plates without PUF, bacterial growth occurred over the entire surface 
(Fig. 4.1). Growth of microorganisms was also seen on the agar directly in contact 
with the PUF. Furthermore, there was no zone of growth inhibition around PUF. These 
observations suggest that PUF was not toxic and hence did not inhibit the growth of all 
the microorganisms on agar. 
 
4.1.2 Cross-sectional Pore Area and Perimeter 
 The appearance of PUF of different densities under light microscope is shown 
in Fig 4.2. It appeared that D14 PUF had a larger cross-sectional pore area (the white 
areas in Fig 4.2) and perimeter than D22 and D28 PUF. Measurements of the pore area 
and perimeter using Soft Imaging System , GmbH, (analysis 3.0) are shown in Table 
4.1. D14 PUF has a cross-sectional pore perimeter of 1.56 mm. This is about twice as 
much as that of D22 and D28 PUF. The cross-sectional pore area of D14 PUF is 0.149 






Fig. 4.1a Growth of Rhodococcus sp. (F92) in the absence (control plate) and 
presence of different densities of polyurethane foam (PUF). (Arrow 






Fig. 4.1b Growth of Candida sp. (F43) in the absence (control plate) and 
presence of different densities of polyurethane foam (PUF). (Arrow 






Fig. 4.1c Growth of Arthrobacter sp. (AR) in the absence (control plate) and 
presence of different densities of polyurethane foam (PUF). (Arrow 






Fig. 4.1d Growth of Rhodococcus sp. (P12) in the absence (control plate) and 
presence of different densities of polyurethane foam (PUF). (Arrow 








Fig. 4.2 Polyurethane foam (PUF) of different densities as seen under light 













14 kg/m3 PUF 1.56 ± 0.48 0.149 ± 0.09 
22 kg/m3 PUF 0.97 ± 0.3 0.063 ± 0.04 
28 kg/m3 PUF 0.63 ± 0.21 0.028 ± 0.02 
 
Table 4.1 Cross sectional pore perimeter and area of different densities of 




4.1.3 Adsorption Capacity of ALC 
The adsorption capacity of ALC of the different sizes and densities of PUF 
were determined and is shown in Fig. 4.3a-c. The amount of ALC adsorbed was fairly 
constant over the time period tested for all the PUF. Moreover, a saturation adsorbence 
level had already been reached for all the PUF when measurements were taken. 
 
The density of PUF used influenced the quantity of ALC adsorption. D14 PUF 
adsorbed much more ALC than D22 and D28 PUF of the same size (Fig. 4.3). For 
example, 1 cm × 1 cm × 1 cm D14 PUF adsorbed about 16 g ALC/g PUF, which is 
four times more than that adsorbed by D22 and D28 PUF of the same size. Even 2 cm 
× 2 cm × 2 cm D14 PUF, that adsorbed the least ALC among the different sizes of D14 
PUF, adsorbed three times more ALC than D22 and D28 PUF of the same size. There 
is little difference in the quantity of ALC adsorbed by D22 and D28 PUF of the same 
sizes (Fig. 4.3b and 4.3c). 
 
 The size of PUF also affected the amount of ALC adsorbed. The amount of 
ALC adsorbed was in the order of (1 cm × 1 cm × 1 cm) > (1 cm × 1 cm × 2 cm and 1 
cm × 1 cm × 4 cm) > (2 cm × 2 cm × 2 cm). The difference in ALC adsorbed among 
the different sizes was most apparent in D14 PUF (Fig. 4.3a). 1 cm × 1 cm × 1 cm D14 
PUF adsorbed about 16 g ALC/g PUF, twice and eight times as much as 1 cm × 1 cm 
× 2 cm and 2 cm × 2 cm × 2 cm PUF respectively. In D22 and D28 PUF, the 
difference was much smaller. For example, 1 cm × 1 cm × 1 cm PUF adsorbed only 
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(c) 
 
Fig. 4.3 Quantity of Arabian Light Crude (ALC) adsorbed by polyurethane 
foam of different densities and sizes. (a) 14, (b) 22 and (c) 28 kg/m3 

































Fig. 4.3 (d) Quantity of ALC adsorbed increased with surface to volume 
(S/V) ratio. PUF of the dimensions (cm) 1 × 1 × 1, 1 × 1 × 2, 1 × 1 × 4 






 To investigate whether surface area to volume (S/V) ratio affected the quantity 
of ALC adsorbed by the different sizes of PUF, the average quantity of ALC adsorbed 
over the three-hour period was plotted against the S/V ratio (Fig. 4.3d). PUF of the 
dimensions (cm) 1 × 1 × 1, 1 × 1 × 2, 1 × 1 × 4 and 2 × 2 ×2 had a S/V ratio of six, 
five, 4.5 and three respectively. The S/V ratio did not appear to affect ALC adsorption 
by D22 and D28 PUF. The quantity of ALC adsorbed increased only slightly when the 
S/V ratio increased from five to six. However, in D14 PUF, the amount of ALC 
adsorbed increased substantially as the S/V ratio increased. D14 PUF of the size 1 cm 
× 1cm ×1 cm (that had the highest S/V ratio) adsorbed the highest quantity of ALC. 
 
Based on these results, 1 cm × 1 cm × 1 cm D14 PUF was the most suitable to 
adsorb ALC and saturation adsorbance level was reached in less than 30 min. 
Therefore it was used in all subsequent degradation experiments. 
 
 
4.2 Characterization of Microorganisms 
 Microorganisms used in this study were characterized for their ability to grow 
in a marine environment, to degrade ALC and to immobilize onto PUF. Growth in a 









4.2.1 Growth in Nutrient Broth (NB) and Marine Broth (MB) 
There was little growth difference in NB or MB except for AR and F92 (Fig. 
4.4). There were 10-fold more AR and F92 cells in MB than in NB (Fig. 4.4a and b). 
Cell number of all the microorganisms started to decrease at an earlier time in MB than 
in NB. 
 
4.2.2 Efficiency of ALC Degradation by Free Microorganisms 
 The efficiency of degradation is assessed by the decrease in C17, C18 and total 
n-alkanes content (expressed as ratio of the respective n-alkane to hopane) relative to 
those at day 0.  
 
 F43 degraded more than 90% of C17 and C18 n-alkanes in ALC in seven days 
(Fig. 4.5a and b). F92 was the next most efficient degrader. There was only a slight 
difference in the degradation ability between AR and F92. Beyond seven days of 
incubation, the increase in degradation was not significant in all the microorganisms. 
 
 C17 and C18 n-alkanes each consisted about 6% of the total n-alkanes based on 
the results from GC-MS analysis. Hence assessing degradation based on these two 
hydrocarbons will not be representative, and degradation of the total n-alkanes (C10 to 
C30) must be taken into account. The results were similar to those of C17 and C18 n-
alkanes. F43 and F92 were the most efficient in degrading total n-alkanes; about 90% 
were degraded after one week (Fig. 4.5c). Like C17 and C18 n-alkanes, there was not 



































































Fig. 4.4 Growth of (a) Arthrobacter sp. (AR) and (b) Rhodococcus sp. (F92) 













































Fig. 4.4 Growth of (c) Candida sp. (F43) and (d) Rhodococcus sp. (P12) in 























































































































Fig. 4.5 Extent of Arabian Light Crude degradation by free Rhodococcus 
sp. (F92 and P12), Candida sp. (F43) and Arthrobacter sp. (AR). 
Degradation of (a) C17 n-alkane, (b) C18 n-alkane and (c) total n-alkanes 
(C10 to C30) after 21 days, expressed as a ratio to hopane. Negative 
values indicate that the ratio had decreased and hence degradation had 





4.2.3 Ability to Immobilize onto PUF 
 F92 had the highest number of immobilized cells (1×1011 CFU/g PUF) and 
immobilization efficiency (80%) on all types of PUF (Fig. 4.6 and 4.7). However, 
immobilization efficiency was lower on D22 and D28 PUF. AR had about 1×1010 
CFU/g PUF of cells immobilized on all PUF. Its immobilization efficiency was the 
highest on D22 PUF. P12 had about 1×109 CFU/g PUF of cells immobilized and 
immobilization efficiency was the lowest on all PUF. F43 had the least number of cells 
immobilized on all the PUF. 
 
 Based on its ability to grow in a marine environment, the extent of degradation 
of ALC, and the efficient immobilization on PUF, F92 was identified as the 



































































F92 F43 AR P12
(c) 
Fig. 4.6 Number of immobilized Rhodococcus sp. (F92 and P12), Candida 
sp. (F43) and Arthrobacter sp. (AR) on (a) 14, (b) 22 and (c) 28 

























































































F92 F43 AR P12
(c) 
Fig. 4.7 Immobilization efficiency of Rhodococcus sp. (F92 and P12), 
Candida sp. (F43) and Arthrobacter sp. (AR) on (a) 14, (b) 22 and (c) 




4.3 Scanning Electron Microscopy (SEM) Observation of Immobilized F92 
 SEM was used to observe the morphology of immobilized F92 on D14 PUF. 
Fig. 4.8 shows the appearance of PUF under scanning electron microscope. Pores of 
D14 PUF was larger than D22 PUF. This had already been confirmed by light 
microscopy (Fig. 4.2) and direct measurement of the cross-sectional perimeter and 
pore area (Table 4.1). 
 
 After two days of incubation, F92 were immobilized on the thin D14 PUF film 
and the thicker region surrounding it (Fig. 4.9). The majority of F92 cells were 
immobilized on the outer surfaces of PUF. Immobilized F92 occurred as layers or 
clusters on PUF (Fig. 4.10a and 4.10b). Some single cells were also seen. Upon closer 
examination, F92 cells were cuboid or rod-shape (Fig. 4.10c and 4.10d). More 
importantly, extracellular strand-like structures were seen extending from F92 cells. In 
contrast, F43 that did not immobilize efficiently on PUF, did not have any such 
structures (Fig. 4.10e). 
 
 
4.4 ALC Degradation by Immobilized F92 
 As in 4.2.2, degradation of hydrocarbons in ALC was assessed by the change in 
C17, C18 and total n-alkanes content (expressed as ratio of the respective n-alkane to 
hopane) relative to those at day 0. The extent of degradation between free and 
immobilized F92, and among F92 that had been immobilized for various numbers of 
days were compared. F92 was immobilized for two (I-2D), four (I-4D) and seven days 







Fig. 4.8 Appearance of (a) 14 and (b) 22 kg/m3 polyurethane foam under 







Fig. 4.9 Rhodococcus sp. (F92) immobilized on 14 kg/m3 polyurethane foam 







Fig. 4.10 Scanning electron microscopy observation of immobilized 
Rhodococcus sp. (F92) under higher magnification. Morphology of 












Fig. 4.10 (e) However in Candida sp. (F43) that did not immobilized 






 The extent of degradation of C17, C18 and total n-alkanes by immobilized cells 
were similar to those of free cells (Section 4.2.2). Free F92 degraded 80-90% of the 
three hydrocarbons after one week (Fig. 4.11). No significant increase in degradation 
was observed after this time. I-2D and I-4D F92 degraded about the same quantity of 
C17, C18 and total n-alkanes after one week. As in free F92, little degradation took place 
after one week. The extent of degradation was lower, about 60-70%, for I-7D F92 after 
one week and not much degradation occurred after that. 
 
 The extent of degradation by immobilized F92 was also compared with 
immobilized F43. I-4D F92 degraded more n-alkanes than the other immobilized F92 
and immobilized F43. In the first three days, about 70% of C17, and C18 n-alkanes and 
40% of total n-alkanes were degraded (Fig. 4.12). I-2D F92 degraded slight less than I-
4D F92 in the same period. For the first three days, immobilized F43 only degraded 
20-40% of C17, C18 and total n-alkanes (Fig. 4.12). Like immobilized F43, I-7D F92 
did not show extensive degradation of C17 and total n-alkanes in the first three days. 
C18  n-alkane degradation by I-7D F92 was also lower than the other immobilized F92. 
However, after one week, about the same amount of n-alkanes were degraded by all 
the immobilized microorganisms. 
 
 In summary, these results show that the extent of degradation by free and 
immobilized F92 were similar. Among the immobilized F92, those that was 
immobilized for four days degraded the most n-alkanes. Immobilized F43 did not 
degrade the n-alkanes as efficiently as the immobilized F92. Therefore, I-4D F92 was 










































































































Fig. 4.11 Comparison of degradation of (a) C17 n-alkane, (b) C18 n-alkane 
and (c) total n-alkanes (C10 to C30) in Arabian Light Crude by free 
and immobilized Rhodococcus sp. (F92) after 21 days, expressed as 
a ratio to hopane. F92 was immobilized for either two (I-2D), four (I-
4D) or seven (I-7D) days. Negative values indicate that the ratio had 
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F92 (I-2D) F92 (I-4D)
F92 (I-7D) F43 (I-2D)
 (c) 
Fig. 4.12 Comparison of ALC degradation by immobilized Rhodococcus sp. 
(F92) and Candida sp. (F43). Degradation of (a) C17 n-alkane, (b) C18 
n-alkane and (c) total n-alkanes (C10 to C30), expressed as a ratio to 
hopane. Cells were immobilized for either two (I-2D), four (I-4D) or 
seven (I-7D) days. Negative values indicate that the ratio had decreased 




4.5 Optimising the Number of Cell Immobilized 
 The effect of inoculum size and age, and storage on the quantity of F92 
immobilized on D14 PUF were investigated. 
 
4.5.1 Effect of Inoculum Size 
 The different inoculum sizes used for F92 were 1×109 CFU/ml, 1×107 CFU/ml, 
1×106 CFU/ml. The number of cells immobilized using these three different inoculum 
sizes were compared against that using the original inoculum size (1×108 CFU/ml) 
(Section 4.2.3). 
 
 The optimum inoculum size for F92 appeared to be 1×108 CFU/ml and 1×107 
CFU/ml. These resulted in a consistently high number of immobilized cells (1×1011 
CFU/g PUF) and an immobilization efficiency of about 80% (Fig. 4.13). Increasing the 
inoculum size to 1×109 CFU/ml resulted in a lower immobilized cell number and 
immobilization efficiency. The immobilization efficiency decreased to 30% after one 
week. Using an inoculum size of 1×106 CFU/ml decreased the immobilization 
efficiency from 80% to 50% after a week. 
 
 F43 was a good degrader of hydrocarbons (Section 4.2.2) but did not 
immobilize in significant numbers onto any PUF (Section 4.2.3). As such, the 
inoculum size was varied to improve its immobilization onto PUF. Inoculum 
containing 1×108 CFU/ml, 1×106 CFU/ml, 1×105 CFU/ml of cells were used. The 
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(b) 
Fig. 4.13 Effect of inoculum size on (a) the number of Rhodococcus sp. (F92) 
immobilized on 14 kg/m3 polyurethane foam and (b) its 




inoculum size, regardless of which PUF was used, did not increase the immobilized 
cell numbers or immobilization efficiency on D14 and D22 PUF (Fig. 4.14 and 4.15). 
Thus, F43 was ruled out as a suitable microorganism to be immobilized for degrading 
petroleum despite free F43 being a more efficient degrader than F92. 
 
4.5.2 Effect of Inoculum Age 
 Immobilization of F92 onto D14 PUF was significantly reduced when the age 
of the inoculum was increased. The number of immobilized cells decreased two-fold 
and the immobilization efficiency was less than 10% (Fig. 4.16) if the age of the 
inoculum was more than two days. 
 
4.5.3 Effect of Storage on the Viability of Immobilized F92 
 It would be an added advantage if immobilized F92 could be stored for as long 
as possible so that it is always available to be used for bioremediation. F92 was 
immobilized for two and four days respectively and stored at room temperature for up 
to 16 weeks, after which the number of viable immobilized cells was quantified. 
 
The results were compared with that of freshly immobilized cells (i.e. storage 
week was zero) (Fig. 4.17). There was no significant reduction in the number of viable 
cells after 16 weeks of storage for F92 cells that had been immobilized either for two 
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(b) 
Fig. 4.14 Effect of inoculum size on (a) number of Candida sp. (F43) 
immobilized on 14 kg/m3 polyurethane foam and (b) its 


















































1.E+08 1.E+07 1.E+06 1.E+05
(b) 
Fig. 4.15 Effect of inoculum size on (a) number of Candida sp. (F43) 
immobilized on 22 kg/m3 polyurethane foam and (b) its 
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Fig. 4.16 Effect of culture age on (a) the number of Rhodococcus sp. (F92) 
cells immobilized and (b) immobilization efficiency onto 14 kg/m3 































Fig. 4.17 Effect of storage on the viability of immobilized Rhodococcus sp. 
(F92) on 14 kg/m3 PUF. F92 was immobilized for two (I-2D) or four 




 The results in Section 4.5 indicated that F92 was optimally immobilized onto 
1×1×1 cm D14 PUF using 1×108 CFU/ml and 1×107 CFU/ml of cells that was not 
more than two days old. Its viability was also maintained for at least 16 weeks when 
stored under room temperature. Subsequently, its ability to degrade ALC after being 
stored was assessed.  
 
 
4.6 Factors Affecting ALC Degradation by Immobilized F92 
4.6.1 Effect of Storage 
 Despite the fact that viability was maintained after storing immobilized F92 for 
16 weeks, it is important to confirm the ability of such cells to degrade hydrocarbons. 
Results in Section 4.4 had shown that F92 immobilized for two (I-2D) and four days 
(I-4D) degraded 80-90% of C17, C18 and total n-alkanes (Fig. 4.11). 
 
The extent of degradation of these three hydrocarbons by immobilized F92 that 
had been stored was compared against that of freshly-immobilized F92 (Fig. 4.18). 
Most of the degradation occurred in the first week, as was observed for free and 
freshly-immobilized F92 (Fig. 4.11). Subsequent degradation was not significant. The 
difference in the extent of degradation among fresh I-2D and those stored for one to 
four weeks was not significant (Fig. 4.18a, c and e). The extent of degradation ranged 
from 75% to 98%. Similar results were also observed for I-4D F92 (Fig. 4.18b, d and 
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 (c) 
Fig. 4.18 Effect of storage on degradation of (a) C17 n-alkane and (c) C18 n-
alkane in Arabian Light Crude by I-2D Rhodococcus sp. (F92). (b) 
shows the degradation of C17 n-alkane by I-4D F92. F92 was 
immobilized for two (I-2D) or four (I-4D) days. Negative values 
indicate that the ratio had decreased and hence degradation had taken 
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(f) 
Fig. 4.18 Effect of storage on degradation of (d) C18 n-alkane, (f) total n-
alkanes in Arabian Light Crude by I-4D F92. (e) shows the 
degradation of total n-alkanes by I-2D F92. Negative values indicate 





4.6.2 Effect of Nitrogen (N) and Phosphorus (P)  Solution Concentration 
 Results in Sections 4.2.2 and 4.4 had shown that in the presence of 1% of N 
and P solution, free and immobilized F92 degraded 90% or more of C17 n-alkane; C18 
n-alkane; and total n-alkanes. The concentration of N and P solution was varied and 
the effect on degradation is discussed in this section. Results using 1% of this solution 
were used as a control. 
 
 When less than 1% of N and P solution was used, free F92 degraded more 
hydrocarbons than immobilized cells. About 40% of C17 and C18 n-alkanes were 
degraded after seven days by free F92 in the absence of N and P solution (Fig. 4.19a 
and c). Free F92 also degraded 20% of total n-alkanes without any addition of N and P 
solution (Fig. 4.19e). Hence, no supplemented N and P were required by free F92 to 
degrade these hydrocarbons. No degradation was detected for C17 and C18 n-alkanes in 
the absence of supplemented N and P for immobilized F92 (Fig. 4.19b and d). Only 
30% of C17 n-alkane and 20% of total n-alkanes were degraded by immobilized F92 in 
the presence of 0.5% N and P solution (Fig. 4.19b and f). Therefore, immobilized F92 
needed more nutrients than free F92. 
 
 At a concentration of 1.5%, the extent of degradation of C17 n-alkane, C18 n-
alkane and total n-alkanes reached the maximum (90%) for both free and immobilized 
F92 (Fig. 4.19). Increasing the concentration to 2% did not have any effect in 
enhancing degradation. Hence, the concentration of N and P solution required for 
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(c) 
Fig. 4.19 Effect of different nitrogen and phosphorus concentrations on 
Arabian Light Crude degradation. (a) and (c) show the degradation 
of C17 and C18 n-alkanes respectively by free Rhodococcus sp. (F92). 
(b) shows the degradation of C17 n-alkanes respectively by immobilized 
F92. Negative values indicate that the ratio had decreased and hence 
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 (f) 
Fig. 4.19 Effect of different nitrogen and phosphorus concentrations on 
Arabian Light Crude degradation. (d) and (f) show the degradation 
of C18 and total n-alkanes respectively by immobilized Rhodococcus sp. 
(F92). (e) shows the degradation of total n-alkanes by free F92. 
Negative values indicate that the ratio had decreased and hence 




 In summary, immobilized F92 could be stored for up to 16 weeks without 
significantly losing the ability to degrade hydrocarbons in ALC. Immobilized F92 
required more nutrients (in the form of supplemented N and P solution) than free F92. 
On the other hand, the concentration of N and P solution required for maximum 
degradation was similar for both kinds of F92. 
 
 
4.7 Degradation of ASC and Diesel by Immobilized F92 
The ability of immobilized F92 to degrade other petroleum products was 
assessed by using another crude oil, Al-Shaheen Crude (ASC) and a semi-refined 
petroleum product, diesel. Both contain carcinogenic polycyclic aromatic 
hydrocarbons and other toxic substances, rendering them an environmental hazard in 
an oil spill (www.epa.gov/oilspill/oiltypes.htm). 
 
 About 95% of C17 and C18 n-alkanes in ASC was degraded by both free and 
immobilized F92 after only one week of incubation while approximately 90% of the 
total n-alkanes was degraded in the same period (Fig. 4.20). This was similar to the 
degradation of ALC (Sections 4.2.2 and 4.4). 
 
Analysis by GC-MS did not detect any C30-17α(H), 21β(H)-hopane in diesel. 
Hence analysis of changes in total n-alkanes was not possible and only changes in the 
content of C17 and C18 n-alkanes in diesel were analysed. Fig. 4.21 shows that about 
80% of C17 and C18 n-alkanes was degraded by free and immobilized F92 after one 





































































































abiotic control abiotic PUF
free F92 I-F92
(c) 
Fig. 4.20 Degradation of Al-Shaheen Crude by free and immobilized 
Rhodococcus sp. (F92). (a), (b) and (c) show degradation of C17, C18 
and total n-alkanes respectively. Negative values indicate that the ratio 

































































abiotic control abiotic PUF
free F92 I-F92
(b) 
Fig. 4.21 Degradation of diesel by free and immobilized F92. (a) and (b) show 
degradation of C17 and C18 respectively. Negative values indicate that 





 These data indicate that immobilized F92 degraded ASC and diesel as 
efficiently as free F92. One week was sufficient for the majority of the n-alkanes to be 
degraded. These results were identical to those obtained for the degradation of ALC, 
suggesting that F92 could degrade a variety of petroleum products. 
 
 
4.8 Ex situ Degradation by Immobilized F92 of Oil Slops Collected from an 
Offshore Refinery 
 The extent of C17, C18 and total n-alkanes degradation in oil slops were similar 
to those observed in ALC, ASC and diesel. As shown in Fig. 4.22, after one week of 
incubation, about 70% of C17, C18 and total n-alkanes were degraded by both free and 
immobilized F92. No further significant degradation occurred after one week. These 
results suggest that F92 could degrade ex situ a mixture of different petroleum 
products since slops is composed of all the different minor spillages in a refinery. It 
also raises the possibility of using immobilized F92 for in situ degradation of oil slops. 
 
 
4.9 Ex Situ Bioremediation of Petroleum-Contaminated Waste Water by 
Immobilized F92 
 Waste water samples collected from the API separator and the inlet to waste 
water treatment facilities of an off-shore oil refinery complex were visually clear 
without any traces of petroleum. These samples were analysed by GC-MS (Fig. 4.23a 





































































































abiotic control abiotic PUF
free F92 I-F92
(c) 
Fig. 4.22 Ex situ degradation of oil slops by free and immobilized 
Rhodococcus sp. (F92). (a), (b) and (c) show degradation of C17, C18 
and total n-alkanes respectively. Negative values indicate that the ratio 




















































Fig. 4.23 GC-MS profile of water sample collected from American Petroleum 
Institute (API) separator. (a) and (b) are profiles of abiotic control at 
day 0 and 7 respectively. No significant changes were observed after 
seven days in the presence of (c) polyurethane foam (PUF), (d) free 
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(e) 
Fig. 4.23 No significant changes were observed after seven days in the 













































Fig. 4.24 GC-MS profile of water sample collected from the inlet to waste 
treatment facilities. (a) and (b) are profiles of abiotic control at day 0 
and 7 respectively. No significant changes were observed after seven 
days in the presence of (c) polyurethane foam (PUF), (d) free 




















































Fig. 4.24 No significant changes were observed after seven days in the 




min and 16.95 min respectively) were detected. No hopane, pristane and phytane were 
detected, ruling out a quantitative analysis of degradation. 
 
 After seven days, the waste water samples were subjected to GC-MS analysis. 
Since hopane, pristane and phytane were not available for a quantitative assessment of 
the extent of degradation, only a qualitative estimation was possible from the GC-MS 
profiles. As the profiles (Fig. 4.23b- 4.23e and 4.24b-4.24e) indicated, there was 
hardly any appreciable level of C10 and C15 n-alkanes degradation after one week in the 





















5.1 PUF: Toxicity, Pore Area and ALC Adsorption 
 Three properties of PUF were investigated: (a) toxicity to microorganisms, (b) 
cross-sectional pore perimeter and pore area and (c) adsorption of ALC. 
 
 Microorganisms on agar plates were able to grow in the presence of PUF (Fig. 
4.1). While the constituents of PUF, i.e. diol and diisocyanate, are generally toxic, PUF 
itself is a harmless material used in many applications (Moe and Irvine, 2000) and is 
also a common biomass support particle for immobilization of cells (Ogbonna et al., 
1994; Webb, 1996c). 
 
The cross-sectional pore area and perimeter of PUF decreased as its density 
increased (Table 4.1). A larger pore area allows uniform nutrients and gas flow 
distribution required for maximum contact between the immobilized microorganisms 
and the nutrients and gas (Moe and Irvine, 2000). Knowing the pore area of the 
different PUF is also important since pore area affects the adsorption of ALC. Pore 
area is also a measure of the space available for cell growth, in turn determining 
whether a higher cell density can be achieved for higher productivity (Ogbonna et al., 
1994). 
 
 The time required to reach ALC adsorption saturation level was short (less than 
30 min) for all PUF (Fig. 4.3a-c). PUF also adsorbed large quantities of 




short time (Na et al., 2000). The rapid adsorption of organic compounds like ALC and 
PCB could be due to the hydrophobicity of PUF (Yamaguchi et al., 1999). 
 
 D14 PUF of the size 1 cm × 1 cm × 1 cm adsorbed the highest quantity of ALC 
(16 g ALC/g PUF) compared to PUF of other sizes and densities, due most likely to 
the larger cross–sectional pore area that D14 PUF has. In addition, 1 cm × 1 cm × 1 cm 
D14 PUF adsorbed more crude oil than a self-formulated PUF used by Oh et al. 
(2000). The same authors also cited that partially cross-linked PUF has better oil 
adsorption capacity. Moreover, the minimum amount of cross-linkage, just sufficient 
to form a solid and highly swellable PUF, was the best for oil adsorption. 
 
In Fig. 4.3d, it is shown that ALC adsorbed increased substantially as S/V ratio 
of D14 PUF increased. This suggests that it may be possible to improve ALC 
adsorption of D14 PUF by further increasing the S/V ratio. Although the surface area 
to weight (S/W) ratio was used instead of the S/V ratio, Oh et al. (2000) also 
demonstrated that the more crude oil was adsorbed as the S/W ratio increased.  
 
The high ALC adsorption may facilitate the concentration on PUF of low 
amount of oil in the environment. This will increase the contact of ALC with 
microorganisms immobilized on PUF, increasing the extent and rate of ALC 
degradation. Theoretically, based on the results of ALC adsorption by PUF (Section 
4.1.3), about one and a half ton of ALC could be adsorbed by 100 kg or 1 m3 of the 






5.2 Immobilization of Microorganisms onto PUF 
 The two important criteria in the selection of microorganisms to be 
immobilized onto PUF for bioremediating an oil spill are the abilities to: (a) 
immobilize onto PUF and (b) degrade petroleum hydrocarbons. 
 
5.2.1 F92 was the Most Efficiently Immobilized onto PUF 
 Diffusion of nutrients and gases, determined by pore area in the matrix, are 
vital to the viability of immobilized cells on any support matrix (Riley et al., 1999). 
Despite the difference in pore area, immobilization of F92 cells on all the PUF used 
was equally efficient (Fig. 4.6). It is likely that the high number of immobilized F92 
could be accounted for by cell-surface hydrophobicity or accumulation of cells into 
PUF by liquid flow (Yamaguchi et al., 1999). It has been suggested that there is a 
direct relationship between cell-surface hydrophobicity and the initial irreversible 
adhesion onto surfaces (Obuekwe and Al-Muttawa, 2001). 
 
Comparable immobilized cell densities have been reported in other cell types 
and immobilization supports. For example, 9× 108 of Thiobacillus ferrooxidans cells 
was immobilized on one gram of nickel fiber (Gomez et al., 2000). The extent of 
immobilization for hepatocytes on nonwoven polyurethane matrices was between 80% 
and 90% (Pahernik et al., 2001), which is similar to that obtained for F92. Kurosawa et 
al. (2000) reported an immobilization efficiency of more than 96% in polyurethane 
membrane for hepatocytes. 
 
The efficient immobilization of F92 could also be due to the extracellular 




been identified as exopolysaccharide fibers by Obuekwe and Al-Muttawa (2001). 
These fibers were responsible for forming a stable monolayer of cells and some cells 
were even encapsulated in these fibers. The presence of extracellular structures on F92 
could also have been induced by attachment onto PUF surfaces since it had been 
shown that attachment surfaces could encourage exopolysaccharide production by 
bacteria (Vandevivere and Kirchman, 1993). However, cells in older culture did not 
immobilize onto PUF in large numbers (Fig. 4.16). This could be due to less nutrients 
available in the media. Moreover, cells in older culture may be physiologically less 
able to produce the extracellular structures. 
 
The mechanisms involved in the immobilization of microorganisms onto solid 
surfaces may be complex and varied and still await elucidation (Diaz et al., 2002). 
Besides exopolysaccharides, microorganisms may also use stalks, pili and other fibirils 
for attachment onto surfaces. Attachment could also be the result of electrostatic 
interactions between a charged support and charged cells. Observation using SEM in 
this study clearly provides visual evidence of F92 immobilized onto PUF. However, it 
does not reveal the specific attachment mechanism. Moreover, biochemical tests will 
be required to identify the biochemical nature of the extracellular structures of F92. 
 
SEM observations also show that the majority of F92 cells were immobilized 
on the outer surfaces of PUF. Immobilized cells have been known to grow within a 
limited depth from the surface of a support material (Riley et al., 1999). This depth is 
dependent on cell type, supply of nutrients, accumulation of metabolic wastes and rate 
of cell renewal. Moreover, due to diffusion limitation of oxygen and other nutrients, 




toward the outer regions proliferate rapidly while those in the interior grow slowly or 
not at all. As a result, a high cell density is found near the surface (Webb, 1996a). 
 
Since immobilization is dependent on the natural ability of F92 to attach to 
PUF, no additional chemicals were required to induce immobilization. This may be 
economical if immobilization is to be scaled-up. 
 
When D22 and D28 PUF was used as the immobilization support, the AE of 
F43 and AR cells were higher (Fig. 4.7). This was unexpected because the smaller 
pores impede diffusion. Two factors could account for these results. First, the smaller 
pores of D22 PUF may protect immobilized F43 and AR cells from shear forces since 
SEM showed that F43 cells did not produce any extracellular structures to facilitate 
binding or attachment to PUF surface (Fig. 4.10). This explanation was supported by 
the fact that there were less immobilized microorganisms on the exposed surfaces of 
stones and more in the crevices and nooks, where there is protection from 
hydrodynamic shear stress (Obuekwe and Al-Zarban, 1998). Therefore the higher AE 
of AR and F43 on D22 and D28 PUF could reflect a lower number of cells being 
dislodged into the medium. F92 were most likely prevented from being dislodged by 
their extracellular structures. 
 
Second, since there are more pores per unit area in D22 and D28 than D14 
PUF, more surface area may be available for attachment of F43 and AR. Availability 
of more surface area in D22 PUF did not result in more immobilized F92 cells since 
attachment by extracellular structures may be independent of surface area. Therefore, 





5.2.2 Effect of Inoculum Size on Immobilization 
 Increasing the inoculum size for immobilization did not result in a higher 
number of cells immobilized or a better immobilization efficiency for both F92 and 
F43 (Fig. 4.13 to 4.15). On the contrary, better immobilization was achieved when the 
inoculum cell concentration used was lower. F92 was optimally immobilized onto 
1×1×1 cm D14 PUF using between 1×107 to 1×108 CFU/ml of cells. 
 
Similar observations were made by others using a variety of cells types and 
support materials. Ogbonna et al. (1994) noted that when a higher initial 
Saccharomyces cerevisiae concentration was used, less cells were immobilized onto 
loofa sponge. More than 80% of the cells were immobilized with a low initial 
cell/sponge ratio. The extent of immobilization onto non-woven polyurethane was 
between 80-90% for hepatocytes using an initial seeding density of 1 × 105 to 1 × 106 
hepatocyte cells/cm2 (Pahernik et al., 2001). The extent of immobilization was reduced 
to 43% when 2 × 106 hepatocyte cells/cm2 was used. Better growth of immobilized S. 
cerevisiae, Lactococcus lactis and Eschericia coli occurred when the initial inoculum 
size was low. 
 
These results could be due to cell crowding that may affect cell growth and lag 
time, although the nature of the effect depends on the immobilization material, cell 
loading and type of cells used (Cassidy et al., 1996). Initial seed cells were found to 
act as nucleation sites for the growth of individual colonies (Riley et al., 1999). 
Therefore, a higher initial inoculum or seed cell concentration size may affect the 






5.3 The Rising Significance of Rhodococcus spp. in Bioremediation 
Rhodococcus spp. are increasingly becoming more important in the field of 
bioremediation and biotechnology due to their ability to degrade many pollutants and 
to produce biosurfactants or emulsifiers with beneficial applications. It has been shown 
that biosurfactants produced by rhodococci are more effective than synthetic 
biosurfactants and are less toxic (Bell et al., 1998). They are also indigenous in 
contaminated sites and hence are suitable to be used as inocula for bioremediation 
(Warhurst and Fewson, 1994). 
 
Studies on the metabolic diversity of Rhodococcus spp. have shown that they 
may be more versatile than the pseudomonads (Warhurst and Fewson, 1994). 
Rhodococci are autochthonous; they have slow growth but great persistence in the 
environment, and have been isolated from a wide variety of locations. Another 
advantage of using Rhodococcus sp. is that, unlike pseudomonads, catabolite 
repression is absent. Hence, pollutants like hydrocarbons would be degraded even in 
the presence of more easily assimilable carbon sources when rhodococci are used. 
Some species are psychrotrophic, allowing bioremediation to occur in cold climate 
(Bell et al., 1998). 
 
Studies on the use of immobilized microorganisms to degrade petroleum 
hydrocarbons and other pollutants have usually involved Pseudomonas sp. (O’Reilly 
and Crawford, 1989; Li et al., 1994; Jerabkova et al., 1997; Resnick, 1998; Wang and 




have been few reports so far on the degradation of these compounds by immobilized 
Rhodococcus sp. (Pai et al., 1995; Mukerjee-Dhar et al., 1998; Prieto et al., 2002). 
This study reports for the first time the immobilization of a Rhodococcus sp. on PUF to 
degrade petroleum hydrocarbons. 
 
 
5.4 Biodegradation of ALC and Other Petroleum Products by Immobilized 
F92 
The evaluation of oil degradation is often difficult due to the complication of 
weathering processes. Physical and chemical weathering can significantly affect the 
composition and concentration of oils. This is especially so in oil-contaminated sites, 
where oil concentration can vary within a small area (Venosa and Zhu, 2003). Non- or 
slowly biodegradable components of oil, called biomarkers, have been used 
successfully to help account for uncontrollable sources of variation in biodegradation 
studies (Lee et al., 1997).  
 
Hydrocarbon-degrading microorganisms usually degrade branched alkanes and 
isoprenoids compounds, such as pristane and phytane, at much slower rates than 
straight chain hydrocarbons (Balba et al., 1998). Therefore, the ratio of straight chain 
hydrocarbon concentrations relative to these recalcitrant hydrocarbons (biomarkers) 
have been used to estimate the extent of biodegradation. For example, C17 n-
alkane:pristane and C18 n-alkane:phytane ratios were measured to provide the degree 
of biodegradation of aliphatic fraction (Diaz et al., 2002). Studies have shown that this 




approaches and allows biodegradation to be monitored with a lesser quantity of 
samples (Douglas et al., 1994).  
 
However, this method assumes that non-biodegradation processes such as 
weathering and volatilization will not produce differential losses of normal and 
branched hydrocarbons that have similar gas chromatographic and chemical behaviour 
(Balba et al., 1998). Moreover, pristane and phytane are biodegraded slowly, hence 
ratios based on these will sometimes underestimate the actual extent of biodegradation 
and is only useful in the early stages of biodegradation studies. 
 
C30-17α(H), 21β(H)-hopane has become the choice biomarker as it is much 
more resistant to biodegradation and has been used successfully to determine the 
efficacy of several bioremediation field trials (Venosa and Zhu, 2003). But hopanes are 
very resistant to physical and chemical weathering processes that affect many alkanes 
and aromatics differently. Therefore a ratio based on C30-17α(H), 21β(H)-hopane is 
useful in reducing variation due to heterogeneous oil distribution and in cases where 
the effects of weathering and chemical weathering are minimal. 
 
Hence, no single method is totally error-free to assess the extent of 
biodegradation. In this study, C17 n-alkane:pristane, C18 n-alkane:phytane and total n-
alkanes (C10 to C30):C30-17α(H), 21β(H)-hopane ratios were used to complement one 
another and to provide a more complete assessment of hydrocarbon biodegradation in 
ALC and other petroleum products. As the results of ALC degradation by free 
microorganisms showed, only slight differences occurred and the results largely 





5.4.1 Comparison of Degradation by Free and Immobilized F92 
It has been reported that immobilized cells were more prone to substrate and 
metabolite inhibition (Nawaz et al., 1998). Metabolite uptake pattern was also different 
between immobilized and free cells. Immobilized cells may be slower in metabolite 
uptake due to a slower cell division, resulting in an accumulation of metabolites in the 
media. On the other hand, free cells could rapidly utilize the metabolites for synthesis 
of cellular materials. 
 
Since degradation is an aerobic process, the presence of ALC on PUF may 
further decrease the supply of oxygen which itself has low solubility in water (Dwyer 
et al., 1986; Webb, 1996b). Therefore it is of interest to note that data from the present 
study suggest little difference in degradative ability between the free and immobilized 
cells.  
 
In fact, there are many studies reporting that immobilized cells showed a higher 
degradation rate than free cells (Wang and Qian, 1999; Yamaguchi et al., 1999; Na et 
al., 2000; Manohar et al., 2001; Diaz et al., 2002). Others suggested a similar level of 
performance (Jerabkova et al., 1997; Oh et al., 2000). The better and higher 
degradation rate observed was most likely due to the high immobilization efficiency of 
the cells onto the immobilization material and the high affinity between the 
hydrophobic immobilization material and the substrates. These lead to an increased 
availability of the substrates for the cells and a better interaction between the substrates 




al., 1997; Wilson and Bradley, 1997; Yamaguchi et al., 1999; Na et al., 2000; Diaz et 
al., 2002). 
 
A high cell density can be stably maintained in or on the immobilization 
support (Jerabkova et al., 1997; Wang and Qian, 1999; Na et al., 2000). Moreover, 
immobilized systems may also contain a high number of cells that were at the peak of 
their catabolic activity, thereby shortening degradation time. However, free cells 
require more time to multiply, resulting in a longer degradation rate (Nawaz et al., 
1998). This may also explain why immobilized F43, that had a very low number of 
cells immobilized on PUF (Fig. 4.4.6 and 4.7), had a lower degradation rate of ALC 
compared to immobilized F92 (Fig. 4.12). 
 
Cell membrane stabilization and increased cell permeability due to 
immobilization were also responsible for the better degradation results in immobilized 
cells (Wang and Qian, 1999; Manohar et al., 2001; Diaz et al., 2002). The latter two 
were also assumed to protect the immobilized cells from physiochemical stresses and 
toxic substrates. 
 
Hence, immobilization was not detrimental to the ability of F92 to degrade 
ALC, ASC, diesel and oil slops (Sections 4.4, 4.7 and 4.8). Comparison of degradation 
by both free and immobilized F92 indicates an identical level of n-alkanes degradation 
with the majority being degraded within the first seven days. It is also not surprising 
that F92 could degrade all the petroleum products used in this study. This 




from simple hydrocarbons, through chlorinated hydrocarbons, aromatic hydrocarbons 
and nitroaromatics to chlorinated polycyclic aromatics (Bell et al., 1998). 
 
However, no significant degradation was detected in the ex situ bioremediation 
of petroleum-contaminated water samples collected from API separator and the inlet to 
waste treatment facilities. Several factors could account for this observation. The 
concentration of petroleum contaminants in the samples, in the range of 50-70 ppm, 
could be too low for the free and immobilized F92 to degrade. This phenomenon 
whereby microorganisms are not able to degrade too low a concentration of petroleum 
during bioremediation is known as the residual concentration problem (Nocentini et 
al., 2000). Even if optimal conditions are provided, this residual fraction of 
contaminants would still remain undegraded. Second, the specific GC-MS technique 
used in this experiment could only detetct C10 and C15 n-alkanes. Hence it is still 
possible that other types of hydrocarbons could be degraded by F92. 
 
In addition, all the water samples in the trays (Section 3.15) were not aerated or 
stirred continuously as compared to the degradation experiments involving Erlenmeyer 
flasks that were shaken at 200 rpm. The former method could have reduced the amount 
of oxygen available to the free and particularly the immobilized cells to carry out 
degradation which is a aerobic process. 
 
5.4.2 Effect of Nutrients on Degradation by Immobilized F92 
Nitrogen and phosphorus are usually limiting in the environment and are 
usually added during bioremediation (Head and Swannell, 1999). Wilson and Bradley 




form of nitrogen and phosphorus) on the degradation performance of free and 
immobilized Pseudomonas fluorescens. Without nutrients, immobilized P. fluorescens 
degraded 74% of Slovene diesel while free cells degraded 40%. Surprisingly, with the 
addition of nutrients, degradation increased to 73% for free cells while that for 
immobilized cells remained unchanged. The authors reasoned that the hydrophobic 
support may repel the saltwater medium and the added nutrients. Hence, the addition 
of nutrients did not further improve the extent of degradation by immobilized cells. 
 
Immobilized F92 required more nutrients (in the form of supplemented N and P 
solution) than free F92 to carry out degradation (Fig. 4.19). Similarly, PUF is 
hydrophobic and could repel the ASW medium and nutrient (the supplemented N and 
P solution). Therefore, a higher concentration of nutrients may be needed to overcome 
the hydrophobicity of PUF and to improve their accessibility to the immobilized cells 
than to the free cells. 
 
Concentration beyond 1.5% N and P solution did not enhance the extent of 
degradation for free and immobilized F92 (Fig. 4.19). Although a high level of 
nutrients is required for bacterial growth, excessive concentrations could induce toxic 
response (Venosa and Zhu, 2003). Therefore, 2% N and P solution may be too high 
and hence toxic for immobilized and free F92 to have a beneficial effect on 
degradation performance. 
 
5.4.3 Effect of Storage on Viability and Degradation Ability of Immobilized F92 
The number of cells recovered and the extent of ALC degradation after 16 




immobilized F92 (Fig. 4.6 and 4.11 respectively). It must be noted that no additional 
chemicals were used to maintain the viable and degradative activity of immobilized 
F92 and yet these results were more favourable compared to other studies. For 
example, Wilson and Bradley (1997) used freeze drying to store immobilized 
Pseudomonas fluorescens. Cells were still recovered after two months of storage 
although there was a drastic decrease in recovered cell numbers after a week in 
storage. Yarrowia lipolytica immobilized on PUF containing chitin maintained about 
77% of the initial degradative ability for two months (Oh et al., 2000). 
 
The beneficial effects of immobilization mentioned earlier could have 
contributed singly or in combination with one another to the results obtained in this 
study. It had also been proposed that storage could support marginal increase in the 
number of already immobilized cells and production of exopolysaccharides (Obuekwe 
and Al-Muttawa, 2001). This allowed the formation of a monolayer of cells that 
efficiently utilize hydrocarbons. Moreover, the exopolysccharides and 
microencapsulation of cells may also offer protection from environment stress (e.g. 
dessication in the event of storage) and chemical toxicity. 
 
Rhodococcus spp. has also been known to have great persistence in the 
environment, which could have aided its survivability in storage under the conditions 
(i.e. room temperature) used in this study (Warhurst and Fewson, 1994). These 
characteristics allowed immobilized F92 to be stored and ready to be used in the 





 The potential applicability of immobilized cell systems in bioremediation were 
ascertained by many closed system studies (Cassidy et al., 1996). For example, study 
involving air-lift conditions gave promising results (Yamaguchi et al., 1999). 
However, further experiments in simulated model system or open field are required 
(Oh et al., 2000). Some immobilization materials also give additional advantages to 
the applicability of immobilized systems. For example, PUF is readily available and 
easy to handle for immobilization (Manohar et al., 2001). Immobilization onto PUF is 
versatile and cost-effective. PUF is also hydrophobic, hence having strong affinity for 
toxic organic pollutants. Moreover, PUF has strong chemical and physical resistance, 
stability and firmness. The pore area of PUF could also be chosen to suit a particular 
cell type (Jerabkova et al., 1997).  
 
However, the implementation of immobilized cell technology in 
bioremediation may be adversely affected by variation in pH, temperature and 
concentration of substrate. The roles of these factors must therefore be thoroughly 
understood (Nawaz et al., 1998). 
 
With the oil-adsorbing capability of PUF, PUF-immobilized cells can be used 
to prevent migration of floating petroleum from an oil spill to beaches and shorelines 
(Oh et al., 2000). The adsorbed petroleum can be left to be biodegraded in situ or ex 
situ (Jerabkova et al., 1997; Na et al., 2000). This in effect becomes a coupled 
adsorption-biodegradation process (Oh et al., 2000). The technique described in this 
study may also complement existing methods of cleaning up oil spills in an open 




open field are required to support the results of this study and the advantages of using 




F92, F43, P12 and AR were assessed for their ability to immobilize onto PUF. 
F92 was the most efficiently immobilized onto 1 cm × 1 cm × 1 cm D14 PUF after 
four days of incubation. About 1×1011 CFU/g PUF of cells immobilized and 
immobilization efficiency was 80%. 
 
Degradation of ALC, ASC, diesel and oil slops by F92 were not affected by 
immobilization. More than 90% of C17, C18 and total n-alkanes were degraded within 
one week. However, immobilized F92 required more nutrients than free cells to carry 
out degradation. 
 
Lastly, immobilized F92 could be stored for up to 16 weeks without losing 
either its viability or degradation ability, making it suitable to be always ready-to-use 
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Abstract 
 The dilution and dispersion of introduced nutrients and microbes constitutes a 
major limitation in marine bioremediation where microorganisms are used to treat oil 
pollution. One possible approach to overcoming this is to immobilize hydrocarbon 
degraders onto oil adsorbents. The latter can adsorb and concentrate petroleum in open 
bodies of water allowing degradation to occur in situ. In this study, immobilisation of 
petroleum-degrading microorganisms onto polyurethane foams (PUFs) was carried out 
and its effect on degradation of Arabian Light Crude (ALC) was evaluated. 
 
The cross-sectional pore size and perimeter, and ALC adsorption capacity of 
PUFs of three different densities (14, 22 and 28 kg/m3) were determined. PUF with a 
density of 14 kg/m3 (D14 PUF) was found to have the largest cross-sectional pore size 




over a 3-h period. All PUFs tested did not inhibit the growth of the petroleum-
degrading microorganisms used. 
 
Of the several microorganisms investigated, Rhodococcus sp. (designated as 
FWA92) was found to be the most efficient in ALC degradation. FWA92 also 
recorded the highest number of immobilized viable cells; the immobilisation 
efficiency, measured as the fraction of the total viable cells that were immobilized, was 
more than 90%. Subsequently, FWA92 that had been immobilised for 4 days (I-4D) 
and 7 days (I-7D) were used to assess the effect of immobilisation on ALC 
degradation. GC-MS analysis showed that I-4D FWA92 exhibited a higher rate and 
extent of n-alkanes degradation. 
 
 The results indicate the potential of using PUF immobilised with FWA92 for 
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Abstract 
Floating oil from an oil spill can beach on shorelines and beaches where human 
activity is intense. If floating oil can be adsorbed, collected and degraded, this hazard 
will be significantly reduced and clean up of oil spill facilitated. This may be possible 
with the use of oil absorbents immobilized with hydrocarbon degraders. Rhodococcus 
sp. has been known to produce biosurfactants and degrade a wide range of chemicals. 
Also in recent years, Rhodococcus sp.has been increasingly recognised as an efficient 
petroleum degrader. On the other hand, polyurethane foam (PUF) can adsorb and 
concentrate petroleum in open bodies of water, allowing degradation to occur in situ or 
ex situ. 
 
In this laboratory study, two Rhodococcus sp. (designated as F92 and P12); and 
two other petroleum-degrading microorganisms, Arthrobacter sp. (AR) and Candida 
sp. (F43) were immobilized onto PUFs of different densities. The effect of 





PUF with a density of 14 kg/m3 (D14 PUF) have a larger cross-sectional pore 
size and perimeter than D22 PUF. F92 recorded a maximum attachment efficiency 
(AE) of 90%, measured as the fraction of the total viable cells that were immobilized, 
on both PUF. Scanning electron microscopy showed the presence of extracellular 
structures that could play an important role in the immobilization of F92 onto 
polyurethane foam. 
 
Comparison of n-alkanes degradation by free and immobilized F92 indicated 
an identical level of performance of about 80% degradation of these hydrocarbons 
present in the crude oil within seven days at 30oC. 
 
These results indicate the potential of using PUF immobilised with F92 for the 
bioremediation of an oil spill in open waters. The immobilization technique used in 
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Abstract 
The use of oil adsorbing polyurethane foams immobilized with hydrocarbon 
degraders has the potential in mitigating oil spills and protecting coastal environment. 
The ability of four different microorganisms to immobilize onto oil-adsorbent 
polyurethane foam (PUF) and to degrade n-alkanes in four various petroleum products 
(Arabian Light Crude (ALC), Al-Shaheen Crude (ASC), diesel and oil slops) was 
assessed. A Rhodococcus sp. (designated as F92) had the highest number of 
immobilized viable cells (109 cells per cm3 PUF) and a maximum attachment 
efficiency of 90% on PUF of a density of 14 kg/m3. Scanning electron microscopy 
showed the presence of extracellular structures that could play an important role in the 
immobilization of F92 onto polyurethane foam. Comparison of total n-alkanes 
degradation by free and immobilized F92 indicated an identical level of performance 
of about 90% degradation of these hydrocarbons present in the four petroleum 
products within one week at 30oC. The immobilization technique used in this study 
was simple and fast, making it particularly attractive if immobilization is to be scaled 
up. These results suggest the potential of using polyurethane foam-immobilized 
Rhodococcus sp. F92 to bioremediate petroleum hydrocarbons in an open marine 
environment. 
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